Abstract-On-line vibration monitoring plays an important role in the fault diagnosis and prognosis of industrial belt drive systems. This paper presents a novel measurement technique based on electrostatic sensing to monitor the transverse vibration of power transmission belts in an on-line, continuous, and non-contact manner. The measurement system works on the principle that variations in the distance between a strip-shaped electrode and the naturally electrified dielectric belt give rise to a fluctuating current output. The response of the sensor to a belt moving both axially and transversely is numerically calculated through finite-element modeling. Based on the sensing characteristics of the sensor, the transverse velocity of the belt is characterized through the spectral analysis of the sensor signal. Experiments were conducted on a two-pulley belt drive system to verify the validity of the sensing technique. The belt vibration at different axial speeds was measured and analyzed. The results show that the belt vibrates at well-separated modal frequencies that increase with the axial speed. A closer distance between the electrode and the belt makes higher order vibration modes identifiable, but also leads to severer signal distortion that produces higher order harmonics in the signal.
functionality of the mechanical system. Since some common operation abnormalities such as belt defects, imbalance, wear and resonance are usually associated with belt vibration, on-line monitoring and characterization of belt vibration could serve as an effective and reliable tool for the fault diagnosis and failure prognosis of the machinery [1] .
The objective of this research was to develop a novel measurement technique based on electrostatic sensing for on-line, continuous and non-contact monitoring of belt vibration. The electrification of dielectrics is a ubiquitous phenomenon in the industries. By making good use of this phenomenon, the electrostatic sensors have been used to achieve a variety of monitoring and diagnostic objectives, such as flow characterization of particles in pneumatic conveying pipelines [1] , [2] and gas-solid fluidized beds [3] , [4] , detection of gas path debris for health monitoring of an aero-engine [6] , [7] , condition monitoring and failure prediction of a taper roller bearing [8] , and speed measurement of rotating shafts [9] and running strips [10] . Recent studies have found that a power transmission belt moving both axially and transversely generates a fluctuating electric field that can be detected using an electrostatic sensor [11] . Since the fluctuation of the sensor signal was mainly attributed to the transverse vibration of the belt, characterization of the belt transverse displacement was achieved through the analysis of the normalized spectra of the sensor signal. In this paper, a detailed study of the sensing mechanism and fundamental characteristics of the electrostatic sensor for vibration monitoring of power transmission belts was carried out. Moreover, the performance of the measurement system was experimentally assessed under a wider range of conditions. A comparative analysis of the belt vibration kinematics and the sensor response reveals that the belt transverse velocity can be represented by the sensor signal. It is verified that the velocity spectrum of the multimode vibration can be measured using the electrostatic sensing technique.
II. PREVIOUS RELATED WORK
The vibration of power transmission belt has been investigated for many years but still remains a challenging subject today [12] . A belt-drive system, consisting of a flexible belt, multiple fixed pulleys and a spring-loaded tensioner, can exhibit highly dynamical and complex vibratory behaviors arising from a variety of sources. Hitherto, the majority of studies on belt vibration have focused on theoretical modelling 1558-1748 © 2016 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. and numerical analysis to predict the dynamic response of the belt systems [13] [14] [15] [16] [17] , and there is an obvious lack of research on measurement techniques for on-line monitoring and diagnosis purposes.
The measurement of transverse vibration of an axially moving belt is a particularly difficult problem. Conventional contact type sensors such as accelerometers and strain gauges cannot be used due to the impractical requirement of physical contact with the moving surface [18] [19] [20] . Several types of proximity sensors based on eddy current, ultrasonic, capacitive or inductive principles are often used to measure the relative vibration of rotating shafts [21] , [22] , but their applications to belt vibration measurement are difficult for reasons related to measurement range, installation requirement, and material property of the object being measured. A high-speed camera, able to capture 500 frames per second, was used by Catalano et al. [23] for vibration analysis of a belt system. This technique is non-contact, non-invasive and highly intuitive; however, on-line measurement cannot be realized due to the high computational cost required to accurately locate the marker on the belt in each frame. A well-established technique for non-contact vibration measurement is Laser Doppler Vibrometer (LDV) working on the principle of laser interferometry. Sante and Rossi [24] measured the operating deflection shapes (ODS) of a synchronous belt using a scanning LDV for development of a vibro-acoustic model. Agnani et al. [25] experimentally investigated the dynamic behavior of a V-belt system by means of a single-point LDV that measures the transverse belt vibration and a scanning LDV that measures the out-of-plane velocity at multiple discrete positions along the belt span. Moon and Wickert [26] studied nonlinear vibration of a belt system, which is excited by pulleys having slight eccentricity, by measuring the transverse belt displacement and velocity using a laser interferometer. The laserbased technique has advantages of non-contact measurement, wide bandwidth, high sensitivity and high spatial resolution; however, such instruments are prohibitively expensive to implement in routine industrial applications and the use of delicate optical components limits their applicability in dusty, harsh and extreme environments. Currently, due to the lack of a practical technique for vibration monitoring, diagnosis of the belt condition is usually undertaken via visual inspection, which is prone to error and requires the machine to be switched off.
The electrostatic sensing technique investigated in this paper achieves belt vibration monitoring through induction of static charges on a copper strip located in the proximity of the running belt. The electrostatic sensor is non-intrusive, simple in structure, easy to install, cost-effective and well suited for harsh environments, making it a viable solution to the belt diagnostic problem. However, absolute vibration parameters cannot be measured using the electrostatic sensor due to unpredictable amount of charge on the belt. Table I summarizes the advantages and limitations of the techniques that have been applied to monitor belt vibration.
III. SENSING CHARACTERISTICS AND
MEASUREMENT METHOD
A. Measurement Principles
As early as the 1970s, it had been found that static charges could build up on the surface of dielectric belts running on earthed metal rollers through contact and frictional electrification [27] . Along with the belt, the static charges undergo a combined axial and transverse motion, creating a fluctuating electric field in space. An insulated metal electrode placed adjacent to the belt generates an induced current signal in response to the passage of nearby charges. By converting the current signal into a proportional voltage signal using an I-V converter, information about motion of the belt can be derived. Fig. 1 illustrates the principle of the electrostatic sensor. The feedback resistor in the I-V converter determines the transimpedance gain, while the feedback capacitor ensures stability through phase compensation [28] .
According to [27] , the amount of charge generated on the belt depends on a variety of factors including roller speed, material property of the belt, temperature and atmospheric humidity. For fixed operating and environmental conditions, the density of charge is mainly determined by surface roughness of the belt, suggesting that the charges are randomly distributed. If the belt moved only axially, the fluctuation of the random electrostatic signal could reflect the variation of the surface roughness. But in practice, the belt vibrates transversely and the non-uniformity of surface roughness along the belt is very small. It is therefore deduced that the fluctuation of the sensor signal is dominated by the variation in the distance between the belt and the electrode. The above supposition, which constitutes the physical foundation of the measurement technique, will be experimentally validated in Section IV.
B. Finite Element Modeling
Electrostatic theories indicate that the amount of induced charge is inversely related to the distance between the belt and the electrode [29] . In order to obtain a quantitative analysis of the sensing characteristics, finite element modelling of the electrostatic sensor is carried out. In comparison with the theoretical modelling approach [30] , finite element simulations provide efficient numerical solutions to the electrostatic boundary-value problem without solving any equations analytically.
A power transmission belt can be modelled as an axially moving string if its bending rigidity is negligible. Consider a string that travels at a constant transport speed v between two supports separated by distance L. The dynamic equation that describes the transverse displacement z(x, t) of the string at spatial coordinate xand time t is given by [4] 
where c is the wave speed due to a pretension of the string, and c = (T 0 /μ) 1/2 in which T 0 is the non-zero constant tension force and μ is the mass per unit length of the string. If the supports are fixed, the boundary conditions of the motion equation are given by
Solutions to equations (1) and (2) have been investigated using various analytical and numerical approaches in the literature [2] [3] [4] [5] [6] [7] . For the sake of simplicity, the results obtained by Vermeer and Strasters [31] is adopted here. By assuming that the vibration modes of the string can be described by two sinusoidal waves propagating in opposite directions, the transverse deflection of the string is derived as [31] 
where a is the vibration amplitude of the sinusoidal wave, and n is the mode number. Considering only the first vibration mode and letting L be 0.5 m, v be 2 m/s, c be 10 m/s and a be 0.002 m, the curvatures of the belt in half a vibration period (0.104 s) is depicted in Fig. 2 . As illustrated, the first vibration mode of the string resembles a standing wave, with only slight phase shifts along the belt span. It should be noted that in practice the belt displacement in the transverse direction is the superposition of all modes. The finite element simulation of the induced charge on the electrode is based on the calculation of electric potential governed by the following Poisson equation
where is the electric potential, ρ is the charge density and ε is the permittivity of the medium. Once is solved, the induced charge q on the electrode with surface area S can be calculated through surface integration of the charge density
Then the induced current flowing through the electrode is found as
The finite element model is constructed using the commercial software package COMSOL Multiphysics. The belt is modelled as an ideal surface with width of 20 mm and uniform charge density of −1 μC/m 2 . The motion of the belt is given by the first vibration mode as shown in Fig. 2 . The electrode is a thin copper strip with dimensions of 3 mm in width and 20 mm in length. The center of the electrode is located 6 mm below the center of the stationary belt. The medium of the computational region is air with a dielectric constant of 1. The potential of the electrode is set as zero and the boundary of the model domain is set as zero charge. For accurate calculation of the induced charge, the maximum element size is set as 0.8 mm for the tetrahedral mesh elements with quadratic order of the geometry shape functions. In order to reduce the computational overhead, the belt elements out of the abscissa range from 0.22 m to 0.28 m are not taken into account since their contribution to the induced charge is negligible. Fig. 3 shows the simulated surface charge density on the electrode. As can be seen, the boundary areas are populated with more charges than the other areas due to the skin effect. Through surface integration, the total induced charge on the electrode is calculated as 0.674 nC.
The response of the electrostatic sensor to the motion of the belt is simulated using the parametric sweep function of the software. The temporal resolution is set as 0.005 s and the result is calculated for a total of 0.2 s. The induced charge is expected to vary smoothly over time. However, due to the discretization error, the finite element simulation yields a rugged curve if the data points are connected directly. To overcome this problem, a curve fitting technique, using an eighth order polynomial, is applied to the data points. The current output is then obtained from the time derivative of the charge curve. Fig. 4 shows the induced charge and corresponding current output obtained from the simulation. A comparison between Fig. 2 and Fig. 4 indicates that the induced charge is dependent on the transverse distance between the electrode and the belt. The approaching of the belt to the electrode leads to more induced charge, whereas less induced charge is generated when the belt moves away. The cyclic variation of the induced charge, due to the belt vibration, gives rise to an alternating current output flowing periodically into and out of the electrode. In order to shed light on how the sensor signal is related to the belt vibration, the sensing characteristics of the electrostatic sensor are investigated.
C. Sensing Characteristics
With the assumption that the charges are uniformly distributed on the belt surface and in view of the superposition principle of electrostatic field, it is reasonable to study the sensing characteristics of the electrostatic sensor using a point charge vibrating harmonically in the normal direction of the electrode surface. In this second simulation, the center of the electrode is located at the origin of the coordinate system. A point charge, carrying net electrostatic charges of −1 μC, is required to move along the z-axis according to the following equation
where B is the center position of the vibration, A denotes the vibration amplitude and f represents the vibration frequency.
The induced charge and current output for different center positions are first examined. Fig. 5 shows the simulation results when the vibration amplitude is 2 mm and the vibration frequency is 10 Hz. It is apparent that the frequency of the current output is identical to the vibration frequency of the point charge. A shorter distance between the center position of the point charge and the electrode yields a higher current output, suggesting that the electrode should be placed closer to the belt in order to obtain a stronger sensor signal. It is also noticeable that the fluctuation of the induced charge is unsymmetrical about the value obtained when the point charge is at the center position. As a result, the current output is also unsymmetrical about the zero value and in time. The difference between the maximum current flowing into and out of the electrode becomes larger as the electrode is placed closer to the belt. The above findings can be attributed to the non-uniform spatial sensitivity of the electrostatic sensor, which is defined as the ratio of the induced charge to the source charge. Fig. 6 shows the spatial sensitivity of the electrostatic sensor along the z-axis. As expected, the sensor is more sensitive to nearby charges, but the spatial sensitivity becomes more uniform at farther locations.
In order to quantify the effects of non-uniform spatial sensitivity on the distortion of the sensor signal, the spectra of the current outputs for different center positions are plotted in Fig. 7 . The length of the signal is 6 s for spectrum calculation. As illustrated, the distortion produces higher order harmonics that are integer (whole number) multiples of the fundamental frequency. The Total Harmonic Distortion (T H D), is defined as the ratio of the RMS amplitude of a set of higher order harmonic frequencies to the RMS amplitude of the fundamental frequency:
where A i is the RMS amplitude of the i -th harmonic. Omitting the fourth and higher order harmonics that have negligible amplitudes, the values of T H D for center positions of 4 mm, 6 mm and 8 mm are calculated as 0.595, 0.443 and 0.362, respectively. It follows from the above results that a relatively larger distance between the electrode and the belt reduces the distortion of the sensor signal. From a practical viewpoint, if the electrode is placed too close to the belt, the risk of direct contact increases, which may damage the sensor and give rise to an erroneous signal. Fig. 8 shows the induced charge and the current output for different vibration amplitudes, when the center position is 6 mm and the vibration frequency is 10 Hz. As illustrated, the electrode delivers more current output at a larger vibration amplitude, under which a longer excursion distance is covered and thus the variation of induced charge is more intense. It is also believed that for the same vibration frequency, an increased vibration amplitude is associated with a higher transverse velocity of the belt, which determines the rate of change of the induced charge (literally the current). In what follows, the influence of transverse velocity on the current output will be examined by varying the vibration frequency.
The induced charge and the current output for different vibration frequencies are plotted in Fig. 9 , with the center position being 6 mm and the vibration amplitude 2 mm. It is observed that the amplitude of the alternating current output increases with the vibration frequency. Therefore, the above conjecture that the belt transverse velocity affects the current output can be proved. If the variation of induced charge can be approximated using a sinusoidal function, it is easy to understand, from a mathematical point of view, that the amplitude of its time derivative (the current) is proportional to the frequency. 
D. Measurement Method
The simulation results illustrate that the sensor signal is strongest when the point charge is passing through the equilibrium position and zero at the upper and lower maximumdisplacement limits. Therefore, the sensor signal reflects the transverse velocity of the belt. However, the absolute value of the transverse velocity cannot be measured using the electrostatic sensor due to the vulnerability of the electrostatic sensing technique to environmental and operating conditions [27] . It is also worth noting that the transverse velocity is positively, but nonlinearly related to the sensor signal due to the non-uniform spatial sensitivity of the sensor.
As indicated by equation (3), the belt vibrates at the fundamental frequency as well as the higher order harmonics. Although the distortion due to the non-uniform spatial sensitivity also produces higher order harmonics, its influence can be effectively minimized if the electrode is placed adequately away from the belt, as observed in Fig. 7 . In order to verify that the belt vibration can be characterized through spectral analysis of the sensor signal, the sensor response to a multimode vibration is compared to that of a single-mode vibration. The following equation describes the kinematics of a point The spectrum of the current output for this multi-mode vibration is shown in Fig. 10 . Compared to Fig. 7(c) that depicts the signal spectrum for the first vibration mode, the second and third order harmonics become stronger than the fundamental frequency. It therefore proves feasible to monitor higher order vibration modes using the electrostatic sensor. Although the fourth and fifth order harmonics also become stronger due to distortion, their magnitudes are not strong enough to support the presence of the corresponding vibration modes.
IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Experimental Setup
The physical instantiation of the electrostatic sensor is a two-layer printed circuit board with the electrode residing on the bottom layer as a long pad. On the top layer is the signal conditioning circuit consisting of five consecutive stages built with wideband rail-to-rail operational amplifiers of AD8604 and AD8601. The first stage is the I-V converter that outputs a small voltage signal. The second stage amplifies the signal using a non-inverting amplifier. A Salley-Key low-pass filter at the third stage eliminates high frequency noises. The signal is further amplified at the fourth stage and then level shifted from a bipolar signal to a unipolar signal at the final stage for subsequent sampling. Fig. 11 shows the electrostatic sensor with the dimensions labelled. Experiments with the electrostatic sensor were undertaken on a purpose-built test rig, as shown in Fig. 12 . A flat, nylon-type belt is stretched over two identical pulleys, with one pulley being actuated by a DC motor. The running speed of the belt can be adjusted from 0 to 10 m/s by regulating the voltage of the motor. The characteristics of the belt vibration that is naturally generated vary with the running speed. The electrostatic sensor is mounted on a supporting frame that allows the distance between the electrode and belt to be adjusted. A DSP board performs sampling and on-line processing of the sensor signal, and measures the motor rotational speed using a photoelectric rotary encoder as well.
B. Sensor Signals
In order to validate the supposition that the fluctuation of the sensor signal is primarily caused by the belt vibration, two electrostatic sensors placed on both sides of the belt are employed to monitor the belt motion simultaneously. Fig. 13 shows the sensing arrangement, in which the belt runs between two electrodes separated by 30 mm. Fig. 14 depicts the electrostatic signals collected when the belt running speed is 2.0 m/s. It can be noticed that the two signals exhibit nearly anti-phasing oscillatory behaviors, which follows that an increase of the induced charge on one electrode due to belt approaching corresponds to a reduction on the other electrode. The amplitude spectra of the signals are plotted in Fig. 15 . It is clear that the two spectra are very alike, with the same dominant vibration modes occurring at several distinct frequencies below 100 Hz. The spectral peaks at exactly 50 Hz are believed to be caused by the power line interference.
C. Measurement Results
The vibration dynamics of a travelling belt is determined by a variety of factors, including belt tension, axial speed, span length, viscoelastic stiffness and various mechanical abnormalities as described in [1] . In order to assess the measurement performance of the electrostatic sensor, the belt axial speed was varied and the vibration at the middle point of the belt span was monitored. Fig. 16 shows the amplitude spectra for different speeds when the distance between the sensor and the belt is 15 mm. As can be seen, there exist strong, wellseparated spectral peaks located at the fundamental frequency and its higher order harmonics. Since the sensor is placed far enough from the belt and the magnitudes of higher order harmonics are much stronger than that of the fundamental frequency, the influence of signal distortion can be neglected and the harmonics identified as the vibration modes. As indicated in Fig.16 , the vibration frequencies increase linearly with the belt axial speed. Fig.16 also shows that the amplitudes of the spectral peaks become stronger at a faster speed, suggesting an increase of the transverse velocity of the belt. However, a higher belt axial speed gives rise to more charges on the belt, which also leads to elevated signal strength. Although the contributions of both factors cannot be quantified, the vibration frequencies and the relative magnitude of the spectral peaks provide adequate prognostic state awareness. In addition, there exists a prominent spectral peak between the 4th and 5th order harmonics. Since the frequency of this peak is exactly the rotational frequency of the pulley, it is believed that some manufacturing or assembly imperfection associated with the pulley, such as eccentricity and misalignment, has led to this abnormal vibration. As discussed above, the distance between the electrode and the belt affects the performance of the system. To assess its effect, the distance was varied from 15 mm to 65 mm for a constant belt speed of 6 m/s. Fig. 17 shows the amplitude spectra for distances of 25 mm, 45 mm and 65 mm, respectively, while the result for 15 mm is depicted in Fig. 16 (b) . As can be seen, the strength of the electrostatic signal decreases and the 50 Hz power line interference becomes more perceptible as the electrode is moved away from the belt. The vibration modes that can be detected also vary with the distance, i.e. the higher order harmonics diminish or disappear for a longer distance. According to the theory of mechanical vibration [32] , the total transverse displacement of the belt is given by the superposition of all modes. Although the transverse velocity of a higher order vibration mode is greater, its displacement is smaller than that of lower order modes.
Therefore, when the electrode is far away, the variation of induced charge due to the minute vibration displacement of a higher order mode is very small. By contrast, a lower order mode can perform large-amplitude deflection in the sensing zone, thus leading to the increased relative magnitude in the spectra. It is worth noting that an adequately longer distance between the sensor and the belt alleviates the influence of distortion caused by non-uniform spatial sensitivity, which also reduces the relative magnitudes of the higher order harmonics.
V. CONCLUSIONS
A novel measurement technique based on electrostatic sensing has been presented in this paper for on-line vibration monitoring of power transmission belts. The response of a strip-shaped electrode to a belt moving both axially and transversely has been studied through finite element modelling. A measurement method of belt vibration has been developed based on investigations into the sensor's sensing characteristics. Performance assessment of the measurement technique has been undertaken on a two-pulley belt drive system. The electrostatic signals collected from sensors on both sides of the belt have validated that the signal fluctuations are dominated by the transverse belt vibration. In addition, the belt vibrations at different axial speeds have been measured, which shows that the resonant frequencies and transverse velocity increase with the axial speed. The signal strength and the number of vibration modes identifiable increase for a closer distance between the electrode and the belt.
In future work, the effects of belt type, material property and surface roughness on the performance of the measurement system will be examined under a wider range of environmental conditions. Methods of compensation for the distortion due to the non-uniform spatial sensitivity will be explored for enhanced measurement accuracy. Applications of the system to fault diagnosis and prognosis of industrial belt drive systems will also be carried out. Practical issues, such as electromagnetic interferences and vibration of the sensor itself due to mechanical connection to the machine will be addressed. 
